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Mitigation of Human EMF Exposure in 5G Downlink
Imtiaz Nasim and Seungmo Kim
Abstract—While research on communications at frequencies
above 6 gigahertz (GHz) has been primarily confined to per-
formance improvement, their potentially harmful impacts on
human health are not studied as significantly. Most of the
existing studies that paid attention to the health impacts above
6 GHz focused only on the uplink due to closer contact with
a transmitter to a human body. In this letter, we present the
human electromagnetic field (EMF) exposure in the downlink of
Fifth-Generation Wireless Systems (5G). Moreover, we propose
a downlink protocol that guarantees the EMF exposure under a
threshold while keeping the data rate above the 5G requirements.
Index Terms—5G; above 6 GHz; Downlink; Human EMF
exposure; SAR; PD
I. INTRODUCTION
Recently, there are strong warnings from scientists around
the world on the harmful impacts of exposure to EMFs on
human health in wireless communications systems adopting
more highly concentrated EMF energy, such as 5G [1].
As a solution for the skyrocketing bandwidth demand, 5G
is expected to achieve higher data rates [2], which again will
lead to the need for higher signal power at a receiver. A recent
link budget study [3] indicates that comparing data rates from
1 to 6 Gbps, the required received power grows from -65 to
-37.5 dBm.
Moreover, 5G targets to operate at higher frequencies (e.g.,
28 GHz [15]) due to advantages such as (i) availability of
far wider bandwidths than todays cellular networks, and (ii)
possible design of larger numbers of miniaturized antennas
to be placed in small dimensions, attributed to very small
wavelengths [4]. Because such high frequencies enable high-
gain directional antenna arrays, radiation energy is focused in
certain directions, which can yield increased power deposition
in the main lobe points towards the human body [5].
In this context, this letter proposes a 5G downlink protocol
that maximizes the data rate while guaranteeing the EMF
exposure under a safe level. Contributions of this letter can
be highlighted in comparison to state-of-the art as follows:
First, while the prior work studied the uplink only [6]-[9],
this letter examines the human EMF exposure in the downlink
of 5G. Due to the higher signal powers and highly directional
antennas, 5G can elevate levels of EMF emission in downlink
as well as uplink.
Second, this letter proposes a downlink transmission proto-
col that mitigates the human EMF exposure. In the protocol,
for a user equipment (UE), the serving base station (BS)
is selected among the ones whose maximum EMF emission
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TABLE I
PARAMETERS FOR BS IN 5G, 4G, AND 3.9G
Parameter Value
5G 4G 3.9G
Standard (3GPP) Release 15 Release 12 Release 9
Carrier frequency 28 GHz 2 GHz 1.9 GHz
Path loss model UMi [12] UMi [14] UMi [13]
Inter-site distance (ISD) 200 m 200 m 1 km
Sectors/site 3 3 3 or 6
Bandwidth 850 MHz 20 MHz 20 MHz
Max antenna gain 8 dBi/element 8 dBi/element 17 dBi
Transmit power 21 dBm/element 44 dBm 43 dBm
Antenna layout (λ/2) 8×8 4 4
Antenna height 10 m 10 m 32 m
Duplexing Time-division duplexing (TDD)
Transmission scheme Singler-user (SU)-MIMO
UE noise figure 7 dB
Temperature 290 K
level is below a threshold. (Our results show that a UE can
experience EMF levels exceeding the threshold within certain
distances from the BS.)
Third, this letter highlights that specific absorption rate
(SAR) is a more effective metric than power density (PD)
in evaluating impacts of wireless communications on human
health. Agencies such as the Federal Communications Com-
mission (FCC) [10] and the International Commission on
Non-Ionizing Radiation Protection (ICNIRP) [11] do not have
guidelines on EMF exposure in terms of SAR at frequencies
above 6 and 10 GHz, respectively, due to shallow penetration
of EMF into a human body at such high frequencies. However,
SAR can display more information as being able to express the
level of EMF energy that is actually ‘absorbed’ into a human
body.
II. SYSTEM MODEL
This letter adopts the downlink of the 3rd Generation
Partnership Project (3GPP) Release 15 [12] (representing 5G).
The analysis is compared to the downlinks of Releases 12 [14]
and 9 [13] (representing 4G Long-Term Evolution (LTE) and
3.9G, respectively). The parameters for the three systems are
summarized in Table I.
Commonly for 5G, 4G, and 3.9G, this letter assumes a fully
loaded network in order to understand the worst possible EMF
exposure. Specifically, none of the three systems are supposed
to adopt the power control nor adaptive beamforming, which
can reduce the number of UEs that are being served at a certain
time instant. The reason for such a worst-case assumption is
to provide a ‘conservative’ suggestion on human safety, which
leaves some safety margin as discussed in [9].
A. 5G and 4G
In 5G and 4G, a network consists of 19 sites, each of which
is composed of 3 sectors [12][14].
2Among three path loss models–Rural Macro (RMa), Urban
Macro (UMa), and Urban Micro (UMi), our analysis found
that the other two models yielded lower SAR levels while UMi
showed considerably higher SAR levels throughout a cell. For
this reason, as indicated in Table I, this letter limits the scope
of investigation to UMi.
For a BS in 5G and 4G, the antenna element pattern
combined in the elevation and azimuth planes is given by
A (φ, θ) = min (Aa (φ) +Ae (θ) , Am) [dB] (1)
where φ and θ are angles of a beam on the azimuth and
elevation plane, respectively; the angle at which a 3-dB loss
occurs is 65◦; Am = 30 dB is a maximum attenuation (or a
front-to-back ratio) [12]. Finally, an antenna gain is given by
G (φ, θ) = Gmax −A (φ, θ) [dB] (2)
where Gmax is a maximum antenna gain.
B. 3.9G
For UMi, the radius of a cell is 500 m [13]. The beam
radiation pattern for a BS in 3.9G is also constructed using
(1) and (2). Values for parameters are different in 3.9G [13]:
BS 3-dB angle is 35◦; Am is 23 dB; and the antenna gain is
assumed omnidirectional.
III. ANALYSIS OF HUMAN EMF EXPOSURE
Biological effects of EMF depend on the level of energy
absorbed into the human tissues. The depth of penetration into
the human tisisues depends on the frequency and conductivity
of the tissues [5]. As mentioned in Section I, above 6 GHz
where 5G will likely operate, safety guidelines [10][11] are
defined in terms of PD due to the shallow penetration at such
high frequencies.
However, recent studies found that PD is not as useful as
SAR or temperature in assessment of EMF exposure since
SAR can display the level of EMF energy that is actually
‘absorbed’ in the body [5][6] while PD cannot. Furthermore,
SAR is a more adequate metric than temperature since it can
be directly calculated from PD, which is easier to calculate.
Also, the effect of temperature is likely to be dispersed over
the long distance in downlinks. Therefore, this letter selects
SAR as the primary metric that measures the human EMF
exposure level in 5G downlinks.
PD is defined as the amount of power radiated per unit
volume at a distance d [16], which is given by
PD (d) =
|E (d)|2
ρ0
[W/m2] (3)
where E (d) is the incident electric field’s complex amplitude
and ρ0 is the characteristic impedance of free space. It can be
rewritten by using the transmitter’s parameters as
PD (d, φ) =
PTGT (d, φ)
4pid2
(4)
where PT is a transmit power; GT is a transmit antenna gain;
d is a BS-UE distance (m).
At high frequencies such as 28 GHz, most of the energy
of a signal incident on human tissue is deposited into the thin
surface of skin [7]. This can be expressed in terms of SAR,
as a function of PD. SAR is defined as a measure of incident
energy absorbed per unit of mass and time and thus quantifies
the rate at which the human body absorbs energy from an
electromagnetic field, which measures the power dissipated
per body mass. The local SAR value at a point p measured in
W/kg [7] can be expressed as
SAR (p) =
σ |E (p)|
2
ρ
[W/kg] (5)
where σ is the conductivity of the material and ρ is the density
of the material. The SAR at a point on the air-skin boundary
[17] can be written as a function of PD(d, φ) as
SAR (d, φ) =
2PD (d, φ)
(
1−R2
)
δρ
(6)
where R is the reflection coefficient [16], ρ is the tissue mass
density (1 g/cm3 is used), and δ is the skin penetration depth
(10-3 m is used) [6].
Note that d and φ depend on the position of a UE in a
cell. Therefore, in order to evaluate over all the possible UE
positions in a cell, the SAR is calculated as an average over
the area of a ‘sector’ in a cell, which is given by
E[SAR (xue)] =
1
|R2k|
∫
x
(k)
ue ∈R
2
k
SAR (xue) dxue (7)
where R2k denotes a two-dimensional space representing a
sector and thus
∣∣R2k
∣∣ is the area of a sector; xue is position of a
UE in an R2k, which determines d and φ. Uniform distribution
of UEs on each of the X- and Y-axis of each sector, R2k, was
considered.
IV. PROPOSED PROTOCOL
Now this letter proposes a novel 5G downlink protocol
that guarantees the EMF exposure under a threshold. In the
protocol, PD precedes received signal strength (RSS); for a
UE, the serving BS with the highest RSS is selected but the
selection occurs strictly among the ones with PDs under a
threshold. The threshold can be flexibly chosen according to
the environment in which the system operates. This letter
chooses the threshold to be the safety guideline provided
commonly by the FCC [10] and ICNIRP [11].
Specifically, in the BS selection for a UE, the PD in (6)
is substituted with PD′, which is defined as the maximum
PD among the ones below the threshold and can be formally
written as
PD′ = max
i∈S
PDi, (8)
where S = {i | PDi < γ} represents a set of all the BSs that
can serve downlink to the given UE, with i and γ denoting
the index of each BS (i.e., the ith BS) in S and the threshold
on PD, respectively.
Fig. 1 provides specifics for the operation flow of the
proposed protocol. Each UE is initially served by the BS with
the highest RSS, as in typical downlink protocols. However,
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Fig. 1. Flowchart for the proposed protocol
the proposed protocol lets the UE update the PD as well, when
it updates the information of the surrounding BSs for possible
handovers. This update is accomplished via a downlink control
channel–e.g., Physical Downlink Control Channel (PDCCH).
Level of the PD received from a BS is used to examine whether
it violates the threshold. If the current serving BS violates the
threshold, the UE is handed over to the BS providing the next
highest RSS, which is selected among the ones with PDs below
the threshold. There are two scenarios that starts this entire
procedure again. First, when UE is handed over to another BS,
the new BS is selected via this process among S. The second
is a timeout. The protocol forces to periodically perform a BS
search in case the current BS violates or set S changes.
The rationale that the proposed protocol operates in terms
of PD is two-fold. First, keeping in mind that SAR is the
primary metric for performance evaluation, a PD can always
easily be converted to a SAR according to (6). Second, PD
can be derived at a BS. If done at a UE, a separate feedback
channel would be needed to report to the serving BS. However,
exploiting the fact that a SAR is a function of PD, a BS can
measure its PD via estimation of the distance to UE. This
estimation can be performed by inferring the distance from
the power of a received control signal–viz., via channel quality
indicator (CQI) in Physical Uplink Control Channel (PUCCH).
One benefit of this idea is that such ‘piggybacking’ can reduce
the feedback overhead between a UE and its serving BS, which
finally yields a more efficient cellular networking.
V. NUMERICAL RESULTS
This section evaluates the performance of the proposed
protocol (described in Section IV) based on the EMF exposure
analysis framework (described in Section III).
Figs. 2 and 3 demonstrate the levels of EMF exposure in
terms of PD and SAR. In 5G and 4G, a BS is placed at 0
and 200 m, while 3.9G has its only BS at 0 m, according
to the ISD of 100 and 500 m, respectively. (See Table I.)
Note that Fig. 2 calculates substitution of (4) into (7), and
Fig. 3 directly computes (7). In order to consider geographic
variation of the EMF exposure, these average quantities are
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Fig. 3. SAR versus BS-UE distance
calculated from 104 ‘drops,’ each of which generates 10 UEs
per sector. As mentioned in Section II, the system is assumed
to be fully loaded; the calculation considers a time length that
is enough for all the 10 UEs that are served based on time-
division duplexing (TDD).
Fig. 2 shows that the PD for 5G falls below the guideline
of 10 W/m2, set by the FCC [10] and ICNIRP [11], with the
BS-UE distance larger than 55 m. However, the problem starts
to be seen when one looks at the same situation in terms of
SAR.
Fig. 3 presents this problem. Note that PD is converted to
SAR based on (6). The key observation is that 5G shows
remarkably higher SARs throughout a cell compared to 4G
and 3.9G, which suggests the necessity of an EMF mitigation
scheme for the 5G. The problem is even more highlighted with
consideration that the SAR guideline is set at 1.6 W/kg [10]
with frequencies under 6 GHz.
The reason for this higher SAR is two-fold. First, in a
5G downlink, the shallower penetration into human tissue
yields higher level of absorption at the surface of human skin.
This is confirmed from the fact that an instantaneous SAR is
inverse-proportional to the penetration depth δ as shown in
(6). Second, 5G presents several key differences in the system
configuration. The small-cell topology [12] is adopted in 5G to
overcome the higher attenuation at high operating frequencies
(i.e., 28 GHz and above), which yields the smaller BS-UE
distance. Also, larger phased array antennas contribute to the
increase of PD in (4), which in turn results in higher SARs.
Now, the proposed protocol is applied to 5G and its impact
is demonstrated. Figs. 4 and 5 show mitigation of the EMF
exposure (in terms of PD and SAR, respectively) that the pro-
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posed protocol provides in the 5G downlink. The cumulative
distribution function (CDF) is adopted in order to present a
comprehensive view over an entire 19-cell layout.
Fig. 4 presents that in 5G, nearly 70% of the UEs in a
cell are exposed to EMF levels higher than the guideline
of 10 W/m2. The proposed protocol sets the threshold at
the guideline, which ensures that now PD never exceeds in
the system. Although the threshold can be replaced with any
updated one, the mitigation of PD that the proposed protocol
introduces is well observed.
Derived from this tendency in PD, the very similar holds
when represented in terms of SAR. Fig. 5 suggests that our
proposed protocol reduces the SAR level for 5G throughout
the network. Although there is no guideline set in terms of
SAR above 6 GHz, due to the fact that SAR is a more
informative metric than PD, it is of significance to display the
result in SAR. Further, we hope that this result can urge swift
movement in setting up regulations for downlinks in terms of
SAR at higher frequencies such as 28 GHz.
For a balanced study, this letter also provides the downside
of the proposed protocol. Fig. 6 shows the downlink data rate
achieved throughout the 19-cell layout based on B log2(1 +
SNR) where B refers to the bandwidth, the value of which is
provided in Table I, and SNR indicates signal-to-noise ratio.
In the proposed protocol, the downlink data rate is sacrificed
mainly due to selection of the serving BS only among the
ones with PD under a threshold, which may exclude the BS
with the highest RSS. Note that a latest practical study noted
that expectation on the channel capacity in 5G is 7.73 bps/Hz
[15]. As shown in Fig. 6, downlink data rates that are achieved
by the proposed protocol range from 7 to 17 Gbps. Dividing
this by the bandwidth of 850 MHz, the channel capacity is
derived to range from 8.2353 to 20 bps/Hz. This suggests that
the proposed protocol is still able to deliver sufficiently high
data rates throughout a network.
VI. CONCLUSIONS
Distinguished from the prior work that focused on human
EMF exposure above in uplinks only, this letter investigated
the significance of that in downlinks. Our results showed
that the EMF exposure problem could be highlighted when
displayed in terms of SAR, this letter proposes a downlink
protocol that mitigates the human EMF exposure. The results
show that the proposed protocol is effective in reduction of
the human EMF exposure. It is also shown that the proposed
protocol entails sacrifice in downlink data rates, but it still
provides a sufficiently serviceable level of channel capacity.
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